Chintamaneni K, Bruder ED, Raff H. Effects of age on ACTH, corticosterone, glucose, insulin, and mRNA levels during intermittent hypoxia in the neonatal rat. Am J Physiol Regul Integr Comp Physiol 304: R782-R789, 2013. First published March 13, 2013 doi:10.1152/ajpregu.00073.2013.-Apnea, the temporary cessation of respiratory airflow, is a common cause of intermittent hypoxia (IH) in premature infants. We hypothesized that IH elicits a stress response and alters glucose homeostasis in the neonatal rat. Rat pups were studied on postnatal day (PD) 2, 8, 10, 12, and 14. Pups were exposed to normoxia (control) or six cycles consisting of 30-s exposures to hypoxia (FIO 2 ϭ 3%) over a 60-min period. Blood samples were obtained at baseline, after the third cycle (ϳ30 min), and after the sixth cycle (ϳ60 min). Tissue samples were collected following the sixth cycle. Plasma ACTH, corticosterone, glucose, and insulin were analyzed at all ages. Hypothalamic, pituitary, and adrenal mRNA expression was evaluated by quantitative PCR in PD2, PD8, and PD12 pups. Exposure to IH elicited significant increases in plasma ACTH and corticosterone at all ages studied. The largest increase in corticosterone occurred in PD2 pups, despite only a very small increase in plasma ACTH. This ACTH-independent increase in corticosterone in PD2 pups was associated with increases in adrenal Ldlr and Star mRNA expression. Additionally, IH caused hyperglycemia and hyperinsulinemia at all ages. We conclude that IH elicits a significant pituitary-adrenal response and significantly alters glucose homeostasis. Furthermore, the quantitative and qualitative characteristics of these responses depend on developmental age.
The current study used intermittent hypoxia (IH) as an established model of apnea-induced hypoxia (21) . IH mimics spontaneous, short duration episodes of hypoxia that occur during apnea in the neonate. A widely used definition of apnea specifies a 15-to 20-s cessation of breathing, a decrease in oxygen saturation to Ͻ80%, and a refractory period of normal breathing cycles (19, 21, 27) . We report the evaluation of rats between postnatal day (PD) 2 and 14 to determine the effects of apnea-induced hypoxia during these crucial developmental stages. Our initial hypothesis was that IH would elicit a pituitary-adrenal response and alter glucose homeostasis. Based on our previous studies of acute, continuous hypoxia, we also hypothesized that IH would cause decreases in body temperature. Finally, we surmised that exposure to IH would induce changes in mRNA expression within the HPA axis that may contribute to hormonal responses.
METHODS
Animal treatment and experimental protocol. The animal protocol was approved by the Aurora Health Care IACUC. Timed-pregnant Sprague-Dawley rats (n ϭ 54) at gestational stages E14 -E16 were obtained (Harlan-Sprague-Dawley, Indianapolis, IN). Animals were housed in a standardized environment (lights on 0600 -1800 h) and provided a standard diet and water ad libitum. Pups were studied at PD2, PD8, PD10, PD12, and PD14. Pups were separated from their dam at the beginning of experimentation and randomly divided into two equal groups (10 -15 rats/group; mixed sexes). The pups were placed in an environmental chamber (21% O 2) 15 min before the start of IH and were allowed free range of movement atop adequate bedding. Each set of pups was given ample room to huddle or separate as needed. A variable control heating pad (Moore Medical, Farmington, CT) was placed under the bedding. The heating pad was kept at the lowest setting required to maintain body temperature in normoxic controls. One sentinel animal per group was instrumented for body temperature measurements using RET-3-Iso rectal probes and a BAT-12 digital thermometer connected to a SBT-5 switchbox (Physitemp Instruments, Clifton, NJ). Chamber %O 2 was monitored with TED-60T O 2 sensors (Teledyne Analytical Instruments, City of Industry, CA). A collar sensor was placed around the neck of one pup per group, and transcutaneous O 2 saturation (SpO2) and heart rate (HR) were monitored using the MouseOx Plus Small Animal Vital Signs Monitor (Starr Life Sciences, Oakmont, PA). Body temperature and oximetry measurements were each made on separate pups. Pups instrumented with an Oximeter collar were used for plasma measurements. Pups instrumented for body temperature measurements were not used for plasma or tissue analyses.
The IH protocol was based on previously described models (15, 29) . IH was composed of six cycles consisting of the following: 1) a decrease in chamber %O 2 (FIO 2 ) using high-flow (Ͼ20 l/min) nitrogen until 3% was reached (ϳ90 s), 2) a hold at 3% for 30 s (trough), 3) an increase in FI O 2 using high-flow room air (Ͼ20 l/min) until 20% was reached (ϳ90 s), and 4) a hold at 21% O 2 for 5 min (peak). Total time elapsed for the six cycles was roughly 60 min. Normoxic (time control) pups were kept in the chamber for 60 min. Heating pads were placed on the lowest setting required to prevent a decrease in body temperature in controls. Since PD2 pups turned out to be more resistant to hypoxia using the 3% IH protocol, another group of pups were studied at this age using lower inspired oxygen concentrations (FI O 2 ϭ 2%) during IH to obtain trough SpO2 levels similar to levels measured under the 3% IH protocol in older pups.
Sample collection. Pups were decapitated and trunk blood was collected (in EDTA) at baseline or at the end of the third or sixth peak. Samples were only taken at baseline and after the sixth peak for PD2 pups exposed to a lower FI O 2 . For each plasma sample, blood from 2 to 3 pups was pooled. Samples from normoxic controls were obtained at 30 and 60 min. Adrenal glands for real-time PCR analyses were frozen on dry ice and pooled (4 -6 adrenals/sample). Anterior pituitary glands were dissected, frozen on dry ice, and pooled (2-3 pituitaries/sample). Whole brains were frozen separately by immersion in 2-methylbutane chilled on dry ice. All plasma and tissue samples were stored at Ϫ70°C until further analysis. Intact hypothalami were dissected from whole brains by manual section with a scalpel, using markers depicted in an atlas of the adult rat brain by Paxinos and Watson (24) . Briefly, brains were first sectioned in the coronal plane, followed by excision of an area of tissue bounded laterally by the medial preoptic area and lying between the third ventricle and optic chiasm (1 hypothalamus ϭ 1 sample). All dissections were performed on dry ice. Total RNA was immediately extracted from dissected hypothalami (see below).
Hormone and glucose assays. All analytic techniques have been published previously (4) . Briefly, plasma ACTH and corticosterone were measured by radioimmunoassay (MP Biomedicals, Solon, OH). Plasma glucose was measured using the glucose oxidase method (Pointe Scientific, Canton, MI) and quantified spectrophotometrically. Insulin was measured by enzyme-linked immunosorbent assay (Crystal Chem, Downers Grove, IL). Intra-and interassay variability for ACTH was 4.1-6.8% and 3.9 -10.7%, respectively (sensitivity: 5.7 pg/ml). Intra-and interassay variability for corticosterone was 4.4 -10.3% and 6.5-7.2%, respectively (sensitivity: 10 ng/ml). Intra-and interassay variability for glucose was 0.6 and 1.9%, respectively (sensitivity: 5 mg/dl). Intra-and interassay variability for insulin was Յ10% (sensitivity: 0.1 ng/ml).
RNA isolation and real-time PCR analysis. Total RNA was isolated from whole adrenals, anterior pituitaries, and whole hypothalami using the RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia, CA). The concentration of RNA was quantified using the Qubit Fluorometer (Life Technologies, Grand Island, NY). All RNA preparations were diluted to a final concentration of 10 ng/l. Real-time PCR was performed using the Taqman One-Step RT-PCR Protocol (Life Technologies). Final reaction volumes of 20 l consisted of 1ϫ AmpliTaq Gold DNA Polymerase mix, 1ϫ RT enzyme mix containing MultiScribe Reverse Transcriptase and RNase Inhibitor, 1ϫ primer/probe mix, and 50 ng RNA. Amplification and detection were performed on the ABI 7900HT Sequence Detection System (Life Technologies) with the following thermal cycler conditions: 48°C for 30 min (reverse transcription), 95°C for 10 min, and 40 cycles at 95°C for 0.25 min and 60°C for 1 min. Samples were assayed in triplicate. All primers were obtained from Life Technologies. The Crh primers were custom made using NCBI reference sequence NM_031019.1. Primers for NrOb1 (Rn00584062-m1) and Nr5a1 (Rn01450960-m1) had not been previously used. All other primers have been previously cited (4). The expression of housekeeping genes Actb and Rpl19 were analyzed in all PCR analyses. Fold changes in expression (when significant) were calculated as 2 Ϫ⌬⌬Ct (17). Statistical analyses. SpO2, HR, and body temperature data were analyzed by two-way ANOVA for repeated measures. Plasma hormones, glucose, and real-time PCR data were analyzed by two-way ANOVA. Post hoc analyses were performed by Student-NewmanKeuls method for multiple comparisons (SigmaStat 2.03). All data are expressed as means Ϯ SE. Statistical significance was recognized when P Ͻ 0.05. ACTH and insulin data were not normally distributed and were log transformed before statistical analysis. HR measurements are shown in Fig. 2 , with each panel representing a different postnatal day exposed to 3% IH. No significant changes in HR were measured in PD2 and PD8 pups exposed to IH (P Ͼ 0.05). PD10 and PD12 pups exhibited significant bradycardia at each trough (P Ͻ 0.05), while HR returned to baseline values during each peak at these ages. PD14 pups also exhibited significant decreases in HR during each trough (P Ͻ 0.05); however, HR values remained significantly lower than baseline during each peak (P Ͻ 0.05). Figure 3 shows body temperature measurements during 3% IH (all ages). Body temperature did not change in normoxic controls at any age (data not shown). Body temperature at baseline was similar among PD2, PD8, PD10, and PD12 pups (P Ͼ 0.05); however, baseline body temperature was significantly higher in PD14 pups compared with the other (younger) ages (P Ͻ 0.05). After exposure to IH, body temperature decreased significantly at all ages except for PD8 (P Ͻ 0.05). Table 1 shows baseline and time control (21% O 2 ) values for plasma ACTH, corticosterone, glucose, and insulin. Baseline Transcutaneous O2 saturation (SpO2) during exposure to six bouts of intermittent hypoxia (IH) over 60 min. 1 sentinel animal per set was instrumented with an Oximeter collar. Four pups were studied per age (1 pup/group). Body temperature was held constant during prehypoxic period with use of a variable-setting heating pad. Heating pad was set on low during exposure to IH, and body temperature was then allowed to change spontaneously. At each trough, chamber O2 concentration was decreased to 3% and held there for 30 s, after which O2 was increased back to 20%. Each trough occurred in ϳ10-min intervals. Peaks are not shown in graph as they are all above 95%. c, Significant difference from PD2 (P Ͻ 0.05); d, significant difference from PD8 (P Ͻ 0.05); e, significant difference from PD10 (P Ͻ 0.05); f, significant difference from PD12 (P Ͻ 0.05).
RESULTS

Figure 1 depicts nadir
plasma ACTH concentrations were lowest at PD10; PD14 ACTH levels were greater than PD8 and PD10 (P Ͻ 0.05). Plasma ACTH increased from baseline in PD8 -12 pups during the time control (P Ͻ 0.05). PD14 pups exhibited greater baseline corticosterone concentrations than all other ages (P Ͻ 0.05); however, only PD10 pups had changes in corticosterone after 60 min of normoxia (P Ͻ 0.05). Baseline glucose concentrations varied by age, and PD2 pups had lower values than all other ages (P Ͻ 0.05). Glucose decreased during the time control period in PD8 and PD10 pups (P Ͻ 0.05). Baseline insulin concentrations were highest in PD2 and PD12 pups. Plasma insulin increased after 30 min of time control in PD8 rats (P Ͻ 0.05) but decreased again by 60 min (P Ͻ 0.05). There were no other changes in plasma insulin measured in time control pups. Figure 4 shows plasma ACTH (top) and corticosterone (bottom) at baseline and in response to IH for all ages. At baseline, there were significant differences in ACTH between ages PD2, PD10, and PD14 (P Ͻ 0.05). Plasma ACTH was increased at the third peak at all ages, although the response in PD2 was very small in magnitude (P Ͻ 0.05). ACTH concentrations were further elevated at the sixth peak in PD8, PD10, and PD14 pups (P Ͻ 0.05). Plasma ACTH was not different between the third and sixth peaks in PD2 and PD12 pups (P Ͼ 0.05). Baseline corticosterone was similar in PD2-PD12 pups, whereas PD14 pups had much higher baseline corticosterone values (P Ͻ 0.05). Plasma corticosterone was increased in PD2-PD12 pups by the third peak and was even greater at the sixth peak (P Ͻ 0.05). The most important finding is the very large increase in corticosterone in PD2 pups occurred during IH despite a very small change in plasma ACTH. Because of large increases in plasma ACTH, IH elicited a significant increase in corticosterone in PD14 pups when analyzed by one-way ANOVA. Figure 5 shows plasma glucose (top) and insulin (bottom) concentrations. Exposure to IH increased plasma glucose at the third peak at all ages (P Ͻ 0.05). Despite a significant increase by the third peak, PD12 glucose concentrations were lower than those of PD8, PD10, and PD14 pups. By the sixth peak, Effects of IH on PD2-14 heart rate (beats/min, bpm) at baseline, troughs, and peaks. Each graph depicts a specific age as denoted in the top right corner. Heart rate was monitored by the Oximeter collar. Four pups were studied per age (1 pup/group). Body temperature was held constant during the prehypoxic period with use of a variable-setting heating pad. Heating pad was set on low during exposure to IH, and body temperature was allowed to change spontaneously. B, baseline. T1-T6, trough (nadir) periods. P1-P6, peak (recovery) periods. *Significant difference from baseline heart rate (P Ͻ 0.05). Four pups were studied per age (1 pup/group). Pups were instrumented with a rectal probe thermometer. In all ages, body temperature was kept constant during the prehypoxia period that ended at 0 min. The heating pad was set on low during exposure to IH. Control sets at various ages are not shown.
glucose concentrations were no longer different from baseline in PD8 -PD14 pups (P Ͼ 0.05). Glucose concentrations in PD2 pups had decreased by the sixth peak compared with the third peak but still remained greater than baseline values (P Ͻ 0.05). Insulin concentrations were increased by the third peak at all ages, with a significant increase occurring in PD12 pups (P Ͻ 0.05). Plasma insulin levels did not change between the third and sixth peak for all ages, except PD12. By the sixth peak PD12 insulin significantly decreased from the third peak. Table 2 lists mRNA expression values (expressed as C t ) of critical genes within the HPA axis. Note that an increase in C t represents a decrease in mRNA concentration. Table 2 also  includes fold changes (expressed as 2 Ϫ⌬⌬Ct ) when a significant change in mRNA concentration occurred. The effect of age on time control mRNA expression was analyzed. In the hypothalamus PD8 time control pups had a decreased expression of Crh. In the pituitary, PD12 had a decreased expression of Crhr1 while PD8 had an increased expression of Pomc. In the adrenal gland, PD8 and PD12 had a higher expression of Star mRNA compared with PD2. PD2 expression of Ldlr was also significantly lower than what was detected in the older ages.
Within age groups, tissues from PD2, PD8, and PD12 pups exposed to normoxia (time control) and six cycles of IH were also compared. Hypothalamic Crh mRNA expression was decreased in PD2 pups (P Ͻ 0.01). Expression of pituitary Pomc and Crhr1 mRNA was not affected by IH at any age (P Ͼ 0.05). Adrenal Lldr and Star mRNA expression was increased by IH in PD2 pups (P Ͻ 0.02). The fold increase of adrenal Ldlr and Star mRNA in PD2 pups were 6.9 and 1.9, respectively. Adrenal Mc2r mRNA levels were decreased in IH pups at all ages (P Ͻ 0.05). Adrenal Nr0b1 (Dax1) mRNA expression was decreased by IH in PD2 and PD12 pups (P Ͻ 0.04). Finally, adrenal Hif1a mRNA levels were increased by IH in PD2 and PD8 pups (P Ͻ 0.04).
PD2 pups exposed to the lower FI O 2 to achieve nadir S p O 2 levels similar to the older aged pups exhibited significantly lower S p O 2 values (2.2 Ϯ 0.4%) compared with PD2 pups exposed to 3% FI O 2 (21.8 Ϯ 2.6%) (P Ͻ 0.001). Body temperature was significantly lower in PD2 pups exposed to FI O 2 of 2% compared with PD2 pups exposed to FI O 2 of 3% (31.3 Ϯ 0.53 vs. 34.2 Ϯ 0.61°C, respectively; n ϭ 4, P Ͻ 0.05). Figure 6 depicts plasma hormone and glucose data in PD2 pups after 60 min of IH with the two different inspired oxygen concentrations. The baseline and sixth peak data for 3% IH exposure are replotted from Figs. 4 and 5 for ease of comparison. Plasma ACTH was increased (compared with baseline) in pups exposed to the lower FI O 2 (P ϭ 0.002) but was unchanged in pups exposed to 3% IH. The corticosterone response to IH was of similar magnitude in pups exposed to 2% versus 3% IH. Plasma glucose and insulin responses to IH were less in pups exposed to 2% IH compared with pups exposed to 3% IH (P Ͻ 0.05) and were not significantly different from baseline (P Ͼ 0.05).
DISCUSSION
We hypothesized that exposure of neonatal rat pups to IH would elicit an acute pituitary-adrenal response and alter glucose homeostasis. We also postulated that these responses to IH would differ depending on postnatal age. Exposure to IH elicited increases in ACTH and corticosterone at all ages; however, the pattern in PD2 rats was quite different from that of older ages. Older rats exhibited a large ACTH and corticosterone response to IH qualitatively similar to what one would observe in adult rats. Conversely, PD2 rats had the greatest increases in corticosterone despite almost no increase in plasma ACTH. IH also caused hyperglycemia and hyperinsulinemia, the magnitude of which varied with age. Of interest was the burst of insulin at the third peak of IH in PD12 pups despite only a small increase of glucose. Also of interest was that the PD2 pups appeared to have less severe hypoxemia during exposure to the 3% O 2 . Interestingly, IH did not cause bradycardia at PD2 and PD8, whereas the more mature pups exhibited profound bradycardia during the troughs. Finally, IH elicited significant decreases in body temperature at all ages except PD8.
We have previously shown that acute, continuous hypoxia resulted in a pituitary-adrenal response in neonatal rats (4) . In the present study, IH elicited a large increase in ACTH and an associated increase in corticosterone in older animals. These responses represented an adult-type, ACTH-dependent increase in corticosterone in response to stress (4) . Interestingly, the corticosterone response to IH in PD2 rats was the greatest in magnitude but was associated with a very small increase in plasma ACTH. We have previously described an ACTHindependent adrenocortical response in PD2 pups exposed to acute, continuous hypoxia (3). Several factors may be responsible for this unique adrenal response at PD2. First, it is possible that increased corticosterone production is stimulated by IH-induced sympathetic drive to the adrenal cortex, which is innervated by postganglionic sympathetic neurons (25) . This innervation is present and functional in the immature adrenal gland (3, 4) . Second, the response may be due to increased sensitivity of the adrenal cortex to very small changes in ACTH in the PD2 pups. Finally, there may be a novel plasma corticotrophic factor that increases steroidogenesis in PD2 pups. These putative mechanisms should be tested to elucidate the nature of this interesting phenomenon.
A normal relationship between glucose and insulin was found in response to IH. Increases in plasma glucose and insulin were observed in all age groups at the third IH peak (ϳ30 min). It is likely that these increases in insulin acted to increase glucose uptake into tissue thereby decreasing plasma glucose (as measured at the sixth peak). The changes in glucose and insulin that occurred indicate that exposure to IH was a metabolic challenge. Of special interest was the large spike in plasma insulin that occurred in PD12 pups at the third peak despite only a small increase in glucose. Although insulin levels returned to near baseline at the sixth peak, the cause of this initial increase remains unknown. A possible explanation is that we did not detect an earlier spike in glucose that could have stimulated insulin (perhaps due to the sampling frequency in our study). However, as the glucose disappearance rate in young rats is only about 1.0%/min, it seems unlikely that we missed a significant spike in plasma glucose (16) . This phenomenon has not been observed in PD12 pups during exposure to acute, continuous hypoxia (11) . PD12 is a critical period in the development of respiratory control, characterized by decreased metabolic rate and altered chemoreceptor sensitivity (29) . Similar to the development of general respiratory control, . ACTH and corticosterone plasma concentrations at baseline, third and sixth peak during exposure to IH. 6 -8 pooled plasma samples were studied for PD2 (18 -24 pups). 6 -8 pooled plasma samples were studied at each age for PD8 -14 (12-16 pups/age). Body temperature was kept constant using a variable-setting heating pad during prehypoxia period that ended at the baseline measurement, after which IH was started. The heating pad was then set on low during exposure to IH, and body temperature was allowed to fluctuate. At each trough, chamber O2 concentration was decreased to 3% and held there for 30 s after which O2 was increased back to 20%. a-f were analyzed via two-way ANOVA. a, Significantly different than baseline (P Ͻ 0.05); b, different from third peak (P Ͻ 0.05); c, different from PD2 (P Ͻ 0.05); d, different from PD8 (P Ͻ 0.05); e, different from PD10 (P Ͻ 0.05); f, different from PD12 (P Ͻ 0.05); g, different from baseline using one-way ANOVA within age; h, different from third peak using one-way ANOVA within age. . Glucose and insulin plasma concentrations at baseline, third and sixth peak during exposure to IH. 6 -8 pooled plasma samples were studied for PD2 (18 -24 pups). 6 -8 pooled plasma samples were studied at each age for PD8 -14 (12-16 pups/age). Body temperature was kept constant using a variable-setting heating pad during prehypoxia period that ended at the baseline measurement, after which IH was started. The heating pad was then set on low during exposure to IH, and body temperature was allowed to fluctuate. At each trough, chamber O2 concentration was decreased to 3% and held there for 30 s after which O2 was increased back to 20%. Note, changes in baseline glucose and insulin are minor. a, Significantly different than baseline (P Ͻ 0.05); b, different from third peak (P Ͻ 0.05); c, different from PD2 (P Ͻ 0.05); d, different from PD8 (P Ͻ 0.05); e, different from PD10 (P Ͻ 0.05); f, different from PD12 (P Ͻ 0.05). . Plasma hormone concentrations at baseline and at the sixth IH trough in PD2 pups exposed to a FIO 2 of 3% IH vs. 2% IH. 6 -8 pooled plasma samples were studied in each group (18 -24 pups/group). Body temperature was kept constant using a variable-setting heating pad during prehypoxia period that ended at the baseline measurement, after which IH was started. The heating pad was then set on low during exposure to IH, and body temperature was allowed to fluctuate. At each trough, chamber O2 concentration was decreased to 3% and held there for 30 s after which O2 was increased back to 20%. Baseline and the sixth trough 3% O2 data are replotted from Figs. 4 and 5 for comparison. *Significant difference from baseline; #significant difference between treatment groups at the same time point.
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PD12 may be an important age for the development of neural stimulation of insulin release possibly by activating afferent input from the arterial chemoreceptors (2, 6) . It has been shown that exposure to hypoxia sensitizes the neonate to subsequent exposures hypoxia (20 -22) . This sensitization could also elicit changes in HPA axis mRNA expression. To test this hypothesis, we evaluated mRNA expression of genes encoding proteins involved in the control of the HPA axis. We found mRNA expression to be significantly different in time controls at various ages. More important, however, we found that short-term exposure to IH was associated with changes in mRNA expression within age groups. An increased adrenal mRNA expression of Ldlr and Star in PD2 pups was of great interest as the increase in Ldlr expression was the largest fold change observed in the mRNA analyses. We have shown that expression of both genes was stimulated by exposure to acute, continuous hypoxia (3). If mRNA expression can be used as an indicator of protein translation and enzyme activity, increased LDL receptors and steroidogenic acute regulatory (StAR) protein may have augmented cholesterol uptake from the extracellular space and into the mitochondria, respectively. This may have lead to increased steroidogenesis, as the action of the StAR protein on cholesterol transport into the mitochondria is the rate-limiting step of steroidogenesis (1) . Exposure to IH caused a decrease in adrenal Mc2r mRNA expression at all ages. It is possible that increased production of corticosterone may have acted in an autocrine manner, downregulating the expression of Mc2r as part of a local negative feedback loop (18) .
Also of interest was the resistance of PD2 pups exposed to IH in that the nadir S p O 2 in PD2 rats was not as low as the older age groups. The cause of this is unknown. However, the higher nadir S p O 2 saturation found in PD2 pups exposed to 3% inspired O 2 is not due to an incomplete switch from fetal to adult hemoglobin. Fetal hemoglobin has a greater affinity for O 2 compared with adult hemoglobin. The switch from fetal to adult type hemoglobin occurs at the end of fetal developmental and is completed before birth (13, 14, 26) . There are several other reasons one could propose to explain this difference in nadir S p O 2 in PD2 pups compared with older animals including less mature pulmonary function and difference in pulmonary blood flow and/or distribution within the lung (5) .
To ensure that the differences in the endocrine responses to IH in PD2 pups compared with older pups was not because of a less severe nadir in S p O 2 , we repeated the exposure in another group of PD2 pups with a lower F i O 2 (2% O 2 ). Upon exposure to 2% O 2 , ACTH increased in PD2 pups, a response that was not seen during exposure to 3% O 2 . Interestingly, the corticosterone response of pups exposed to 2% O 2 was not significantly different from those exposed to 3%. These findings indicate that a greater hypothalamic-pituitary stress response occurred in PD2 pups exposed to 2% O 2 , compared with those exposed to 3% O 2 , but that the large adrenal response was not dependent on this increase in ACTH. Additionally, plasma glucose and insulin increased in pups exposed to 3% IH but not 2% IH. The difference in response may be due to the greater decrease in body temperature in 2% IH pups, which may have augmented the decreased metabolic rate and glucose production in response to stress-induced counterregulatory hormones.
Intermittent hypoxia was associated with bradycardia in the PD10 -PD14 pups. The absence of bradycardia in the younger neonates may be due to immature autonomic reflexes. At birth, the carotid bodies are immature and have decreased sensitivity (19, 20) . Therefore, pups at a younger age may have a smaller adrenergic response to a decrease in arterial oxygen saturation. IH resulted in a decrease in body temperature in each age group except PD8. Hypoxia-induced hypothermia has been hypothesized as a protective mechanism (7, 11) . A decrease in metabolism leads to a decrease in O 2 demand resulting in a protective effect against damage associated with ischemia (7). PD8 was the only age at which pups that did not show both significant bradycardia and hypothermia. PD8 has been described as an important age in the neonate. By PD8, physiological controls mature into those similar to an adult rat (3, 4, 29) . This could also be an indication that the mechanism of body temperature control and heart rate are connected via the autonomic nervous system (28) . We have previously shown that maintenance of body temperature during exposure to acute hypoxia places additional metabolic stress on the neonate (11) . Having found that IH causes a similar spontaneous decrease in temperature to acute continuous hypoxia, it is necessary to determine whether maintenance of body temperature during IH also causes an increased metabolic stress. These finding could be used to construct guidelines for the care of newborns that exhibit apnea induced hypoxia.
Perspectives and Significance
We have shown that short-term IH elicited an acute stress response that caused bradycardia, hypothermia, an HPA axis response, and altered adrenocortical gene expression. The hormone and glucose data confirm our hypothesis that intermittent hypoxia is a metabolic challenge to metabolic fuel regulation. It is important to note that responses to IH, including respiratory, cardiac, and endocrine, varied significantly with age and maturity. We conclude that IH is a useful model for the study of the acute endocrine and metabolic adaptations to apneainduced hypoxia.
